
This is the accepted manuscript made available via CHORUS. The article has been
published as:

First-principles localized cluster expansion study of the
kinetics of hydrogen diffusion in homogeneous and

heterogeneous Fe-Cr alloys
Adib J. Samin, David A. Andersson, Edward F. Holby, and Blas P. Uberuaga

Phys. Rev. B 99, 014110 — Published 23 January 2019
DOI: 10.1103/PhysRevB.99.014110

http://dx.doi.org/10.1103/PhysRevB.99.014110


 1

A first-principles localized cluster expansion study of the kinetics of hydrogen diffusion in 
homogeneous and heterogeneous Fe-Cr alloys 

Adib J. Samina, David A. Anderssona, Edward F. Holbyb, and Blas P. Uberuagaa 

(a) Materials Science and Technology Division, Los Alamos National Laboratory, 

 Los Alamos, New Mexico 87545, USA 
(b) Sigma Division, Los Alamos National Laboratory, 

 Los Alamos, New Mexico 87545, USA 

 

 

Abstract: 

Metal alloys have a wide range of technological applications, from structural materials to 

catalysts. In many situations the transport of hydrogen, whether intentionally for hydrogen 

storage and fuel cell applications or unintentionally in the case of tritium uptake in nuclear 

materials, is an important concern. Fe-Cr binary alloys, in particular, may be viewed as a simple 

model system to represent ferritic steels used in nuclear energy systems and, more generally, as a 

model binary alloy for examining the role of alloying elements on transport. In this work, we 

used density functional theory, cluster expansion, and kinetic Monte Carlo to study hydrogen 

kinetics in Fe-Cr alloys. In random homogenenous alloys, we observed that hydrogen diffusivity 

first decreased with increasing Cr content and then increased to its levels in pure Cr. 

Furthermore, the effects of heterogeneity, as might be induced by irradiation, were explored and 

it was concluded that local structural heterogeneities for the same overall Cr concentration may 

significantly affect the hydrogen diffusivity. The effect was attributed to the relative binding 

energy of hydrogen in different metals and this understanding was then utilized to predict 

hydrogen transport behavior in different element-segregated grain/grain boundary combinations 

and thus identify solute/solvent alloys where hydrogen transport might be either hindered or 
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enhanced. Finally, we comment on the potential impact of radiation-induced segregation on 

hydrogen behavior in nuclear energy systems. 
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Introduction: 

Metallic alloys have wide ranging applications across the structural, medical, automobile and 

aerospace industries and play a significant role in all sectors of the economy. Hydrogen is known 

to negatively affect the mechanical properties of structural metals, a process known as hydrogen 

embrittlement [1-3]. This process, involving the accumulation of hydrogen at local 

microstructural defects, may lead to the degradation of steels and is an important limiting factor 

in the operational lifetime of structural materials and medical implants [4-7]. In some cases, 

however, the uptake and packing of hydrogen may be desired such as in hydrogen storage 

materials for energy purposes [8, 9]. Furthermore, the study of deuterium and tritium trapping in 

metallic alloys is a significant issue for fusion reactors [10, 11]. The use of hydrogen has also 

emerged in thermohydrogen processing, a process by which hydrogen is utilized as a temporary 

alloying element to enhance the processability of metal alloys and manipulating their 

microstructure to improve final mechanical properties [12].  Therefore, establishing the 

fundamental science which governs the binding and transport of hydrogen in metals is of great 

interest for a variety of applications and may enable the future design of embrittlement-resistant 

alloys for structural materials or efficient hydrogen storage metals. 

Ferritic stainless steels possess a bcc structure similar to alpha iron and a high chromium content 

ranging from 2 to 20 at%.  These alloys are low cost, radiation resistant, and exhibit favorable 

properties such as a high melting point and good ductility. Furthermore, they are corrosion-

resistant due to the high chromium content. These iron-chromium steel alloys may be utilized as 

structural materials for light water reactors [13, 14], nuclear fusion reactors [15, 16], and for 

solid oxide fuel cell applications [17, 18]. They are also promising structural materials for 



 4

Generation IV reactors [19]. The bcc Fe-Cr binary alloy represents a model system for ferritic 

steels and for binary alloys in general and has therefore been the subject of various recent studies 

[20-25].   

Given the relevance of hydrogen storage and transport for a variety of applications, it is not 

surprising that hydrogen transport in Fe and steel alloys has been recently examined by several 

investigators [26-31]. However studies on Fe-based alloys have been limited thus far. Theoretical 

studies have primarily focused on H behavior in pure Fe. Jiang and Carter [27] studied interstitial 

hydrogen absorption and diffusion on bcc iron surfaces and through bulk Fe from first principles. 

The authors reported that hydrogen preferred to stay on surfaces instead of in the bulk. They also 

calculated endothermic hydrogen dissolution in Fe and that the tetrahedral (T) sites are 

preferable for binding hydrogen. Moreover, the dissolution energy of H in the T-site was found 

to change only slightly with the H concentration which implied that H-H interactions played a 

negligible role. Finally, it was determined that hydrogen mobility is high in bulk Fe due to low 

migration energy barriers. In the study, it was asserted that H diffused via hopping between 

neighboring T sites in a curved trajectory and that the straight path going through the octahedral 

(O) sites was excluded “due to its higher barrier and the rank of the saddle point”..  

Sanchez et al. [32] also utilized density functional theory (DFT) calculations to investigate 

equilibrium geometries and diffusion barriers for hydrogen as an interstitial in bcc iron. The 

authors accounted for the effects of stress in their study and concluded that for low 

concentrations hydrogen is absorbed near the T-site to minimize elastic energy on nearby cells. 

Furthermore, the results of the study indicated that external stresses of several GPa modify the 

barriers by about 10% and the diffusion rates by about 30%. Du et al.[33] employed a kinetic 

Monte Carlo (kMC) model whose parameters were populated from first principles calculations to 
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explore hydrogen diffusion within idealized grains of bcc iron. When H-H interactions were 

accounted for within the idealized grains the qualitative behavior of diffusivity as a function of H 

concentration did not change however the dip in diffusivity occurred at much lower H 

concentrations.  Hayward and Fu [26]  utilized ab initio and classical molecular dynamics to 

study the interactions of hydrogen and vacancies in bcc iron. The authors emphasized the 

importance of accounting for zero-point energy corrections when considering light elements such 

as hydrogen. In this work, both T-O-T and T-T pathways were accounted for and the authors 

reported barriers of 0.035 eV and 0.044 eV, respectively, when using density functional theory 

(DFT) and barriers of 0.04 and 0.049 eV when using EAM potentials. It was concluded that 

hydrogen has a low diffusion barrier but may be strongly trapped in vacancies and that high local 

concentrations of hydrogen increase the likelihood of vacancy formation and stabilize vacancy 

clusters. It was further illustrated how small hydrogen-vacancy clusters diffuse by dissociation 

and that trivacancies are capable of dragging hydrogen.  

There has been less fundamental work on H in Fe alloys. Penalva et al. [34] experimentally 

analyzed the influence of Cr content on the permeation of hydrogen in Fe base alloys, measuring 

the hydrogen transport permeability in pure Fe metal, Fe5%Cr alloy and Fe10%Cr alloy in the 

temperature range of 423 - 823 K. They found that the permeability for the three materials under 

scrutiny followed an Arrhenius law with the activation energies increasing with Cr content in the 

alloy, which led to smaller values of the permeability for the cases being examined. Bruzzoni et 

al. [25] recently conducted a DFT study of hydrogen solubility and diffusivity in the Fe15Cr alloy 

by utilizing a 16 atom supercell. The study suggested that the substitutional Cr atom repelled H 

and the diffusion coefficient was found to be reduced by 13% when compared with pure Fe.  
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Other binary alloys are important for a number of technological applications. Thus, hydrogen 

transport and behavior in other binary alloys has been studied by a number of investigators. Ke 

and Kramer [35] studied hydrogen diffusion in palladium silver using DFT and observed that 

hydrogen should avoid the Ag-rich areas. Kamakoti and Sholl [36] examined hydrogen diffusion 

in CuPd alloys with compositions greater than 47 at% Pd. The authors used a combination of 

DFT, a lattice gas model, and kMC techniques in their work, computed H diffusivities as a 

function of alloy composition and temperatures ranging from 400 K to 1200 K, and determined 

the effects of short-range order to be small under the conditions of experimental interest. Their 

work was deemed to agree well with the available experimental data. In 2008, Semidey-Flecha 

and Sholl [37] used DFT and cluster expansion methods to describe the behavior of interstitial H 

in alloys of composition Pd96M4 (M=Ag, Cu, and Rh)  and to predict H2 permeance through 

these alloy membranes. Adding a small amount of Ag to pure Pd was determined to enhance the 

H diffusion while the opposite effect was observed when either Cu or Rh were used. These 

observations were also qualitatively consistent with experimental work. Lu et al. [38] conducted 

a first principles study of hydrogen behavior in vanadium-based binary alloy membranes and 

found the elastic effect to be a significant factor in affecting hydrogen dissolution in V15M. The 

authors also concluded that additions of Al, Ti and Nb improved the hydrogen diffusion 

coefficient in vanadium. 

 

Despite this body of work, there are still important questions that must be answered. In 

particular, previous theoretical studies that considered H transport in alloys either focused on 

very specific compositions and/or purely random distributions of the alloying element. Thus, 

how chemical heterogeneities in the material nanostructure might impact H transport is an open 
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question. In the context of Fe-Cr alloys proposed as clad materials in accident tolerant fuels, 

hydrogen transport through the alloy dictates whether tritium can leak from the fuel rod and into 

the coolant, which is detrimental to reactor operation [39-41]. Given that radiation naturally 

redistributes alloying elements such as Cr [40-42], understanding how chemical heterogeneities 

impact transport is important for predicting how H evolution will occur as the fuel burns. In 

other contexts, understanding hydrogen behavior in heterogeneous structures may be significant 

for composites which are used for hydrogen storage [43, 44] or hydrogen production [45] to 

enable an efficient use of hydrogen as a source of clean energy.  

In this work, we utilized a DFT-parameterized kinetic Monte Carlo (kMC) approach to study 

hydrogen transport through Fe-Cr binary alloys. This was accomplished by generating a DFT 

database of H binding in varied alloy structures which was used to fit a localized cluster 

expansion description of the binding energy as a function of local structure and then calculating 

the barriers of hydrogen transport through different pathways. This methodology allowed us to 

examine the behavior of hydrogen kinetics in the entire range of Fe-Cr alloy compositions 

without being limited to the cases of dilute chromium as in previous works. In addition, we 

examined the effects of chemical heterogeneities on hydrogen trapping and transport. This is 

especially important in the context of radiation damage where segregation may lead to 

chromium-rich regions [40-42]. General trends in H transport as a function of alloy content and 

local chemical environments were identified and applied to some of the outstanding questions 

related to H diffusion through alloy systems.  

Computational Methods: 

A. DFT Calculations: 
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Spin polarized density functional theory calculations were carried out using the Vienna ab initio 

simulation package (VASP) [46] with the implementation of the Projector-Augmented-Wave 

(PAW) pseudopotentials [47, 48]. The generalized gradient approximation (GGA) exchange 

correlation functional was used as parameterized by Perdew, Burke and Ernzerhov [49].  The 

valence electron eigenfunctions were expanded in a plane-wave basis set with an energy cutoff 

of 500 eV. The Fermi level was smeared using a Methfessel-Paxton smearing of the first order of 

width 0.05 eV in all calculations [50]. The convergence criterion for the electronic self-

consistent calculation was set to 10-6 eV. Furthermore, the structure was allowed to relax until 

the total calculated energy difference between successive calculations was less than 10-4 eV.  

First, DFT calculations were performed on the unit cells of bcc Fe and bcc Cr in order to 

determine the optimal lattice constant for the pseudopotentials used. Reciprocal length 

integrations were performed using a (18×18×18) Monkhorst-Pack [51] Γ-centered k-point grid.  

Next, 3×3×3 supercells of pure iron, pure chromium and Fe-Cr binary alloys (a total of 54 

atoms) were prepared by randomly placing the atoms at the bcc lattice positions. Four 

compositions were explored: Fe0.95Cr0.05, Fe0.9Cr0.1, Fe0.8Cr0.2 and Fe0.1Cr0.9. The first three 

structures represent steel alloys whereas the last structure was examined in order to represent the 

chromium-rich α′ phase which may form as a result of species segregation during radiation-

exposure [42, 52, 53]. For each of these compositions, three different representations of the alloy 

were produced by random assignment to allow for chemical variation and statistics. Moreover, 

the atoms were relaxed in the DFT calculation using a 6×6×6 Monkhorst-Pack Γ-centered k-

point mesh but the volume was kept fixed as previous work [27] has predicted a very small 

change in volume. The lattice constant used for each calculation was linearly interpolated 

between the lattice constants of bcc iron and bcc chromium depending on the total composition. 
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Furthermore, for each of these random representations, four tetrahedral sites were randomly 

selected and a hydrogen binding energy calculation at that T-site with atomic relaxation was 

performed using the same parameters as before. Thus, this gave us 64 binding energies for H in 

chemically unique local environments. Finally, the cluster expansion model was parametrized 

using these 64 binding energies and a Monte Carlo simulation was performed to search for the 

lowest binding energy configurations. The output of our Monte Carlo simulation was 

consequently fed to the DFT calculation and added to the database. This process was repeated 6 

times resulting in a DFT database containing a total of 70 H binding energies.  

Zero-point corrections for the calculated binding energies were accounted for in the pure iron 

and pure chromium cases. For these calculations, only the hydrogen atom was displaced by 0.01 

� in six directions in computing the dynamical matrix via finite differences. It was enough to 

displace the hydrogen atom by itself due to the mass difference between H on one hand and Fe/ 

Cr on the other [27].In addition, a 4×4×4 k-point mesh was utilized here to reduce the 

computational load. Climbing Image Nudged Elastic Band (CI-NEB) calculations [54] were also 

performed to identify the transition state for H migration between sites. One image was utilized 

here and the calculations were terminated when the total force on each atom dropped below 0.01 

eV/Å. 

B. Localized Cluster Expansion and kinetic Monte Carlo: 

The cluster expansion is a generalized Ising model containing many-body interactions. In this 

study, a local cluster expansion about the tetrahedral site was performed using 14 parameters. 

The expansion included a zero-body figure (representing the tetrahedral site), four one-body 

figures up to the third nearest neighbor, six two-body figures up to the second nearest neighbor, 
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three three-body figures up to the second nearest neighbor and one four-body figure up to the 

first nearest neighbor. The local cluster expansion may be described by the following equation: 

ሻ࣌௕஼ாሺܧ  ൌ ௢ܬ ൅ ෍ ఈܬ ෑۃ ௜௜ఢఈߪ ఈۄ  (1) 

In equation (1), the sum runs over all symmetrically inequivalent clusters. Each lattice site (i) is 

assigned an occupation variable ߪ௜ ൌ  ൅1 ݎ݋ െ 1 depending on whether it is occupied by an Fe (-

1) or a Cr (+1) atom.  The angular brackets indicate an average being taken for all clusters 

symmetrically equivalent to cluster α. In equation 1, the J values represent the effective cluster 

interactions (ECIs). J0 represents the zero-body structure that physically corresponds to the 

hydrogen occupying a T-site without interactions with any surrounding metal atoms, J1 

represents a one-body structure (physically corresponding to one metal atom in the figure), J2 a 

two-body figure and so on. In the local cluster expansion, equivalent structures derived from 

point symmetry about the tetrahedral site were treated as degenerate. In other words, no 

translations were included here as the clusters were localized about the tetrahedral site and 

interactions between hydrogen atoms occupying different tetrahedral sites were ignored, except 

for a simple blocking model used in the kinetic Monte Carlo model. In the blocking model, only 

one hydrogen atom was allowed to occupy a single T-site at a time. This local cluster expansion 

was then fit to the hydrogen binding energy from the aforementioned DFT database including 70 

fully relaxed structures encompassing several alloy compositions (with randomized structures) as 

mentioned earlier. The binding energy was computed both for T-sites and O-sites by using the 

fully relaxed DFT calculation for that specific alloy (of composition ݁ܨଵି௫ݎܥ௫ with 0 ൑ ݔ ൑ 1) 

and half the energy of the hydrogen molecule as reference according to the equation: 

௕ܧ  ൌ ሻܪ௫ݎܥଵି௫݁ܨሺܧ െ ௫ሻݎܥଵି௫݁ܨሺܧ െ 12  ଶሻ (2)ܪሺܧ
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With this definition, a positive binding energy means that H prefers to be in the gas reference 

state rather than in the solid. More importantly, however, it provides a common reference for 

comparing H energetics in different environments within the solid. In an effort to reduce the 

computational effort of computing the zero-point energies (ZPEs) for each data point in our DFT 

database, we chose to include the zero-point energy corrections by interpolating between the 

ZPE values for H in bcc Fe and H in bcc Cr based on the local concentration environment in the 

1st nearest neighbor shell of the alloy.  

Finally, kMC simulations were performed to determine hydrogen transport properties for 

different alloys. In the kMC, we utilized a kinetically-resolved activation barrier model [55-57] 

to determine the barrier height. We further added a caveat to this barrier definition to ensure that 

the saddle point is higher in energy than both the initial and final states. Therefore, we defined 

the barrier for traversing from state i to state j as follows: 

 

௕௔௥௥௜௘௥ሺ݅ܧ ՜ ݆ሻ ൌ  
ەۖۖ
۔ۖ
௝ܧۓۖ െ ௜2ܧ ൅ ௢ܧ ݂݅ ௝ܧ ൒ ௜ܧ ܽ݊݀ ௝ܧ െ ௜ܧ ൑ ௝ܧ െ ௜2ܧ ൅ ௝ܧ௢ܧ െ ௜ܧ ൅ ௝ܧ ݂݅        0.01 ൒ ௝ܧ ݀݊ܽ ௜ܧ െ ௜ܧ ൒ ௝ܧ െ ௜2ܧ ൅ ௜ܧ௢ܧ െ ௝2ܧ ൅ ௢ܧ െ ௜ܧ ݂݅   ௜ܧ ൒ ௜ܧ ݀݊ܽ ௝ܧ െ ௝ܧ ൑ ௜ܧ െ ௝2ܧ ൅ ݂݅            ௢0.01ܧ ௜ܧ ൒ ௝ܧ ܽ݊݀ ௜ܧ െ ௝ܧ ൒ ௜ܧ െ ௝2ܧ ൅ ௢ܧ

 

 

 

(3) 

In this definition, the minimum barrier for an event was defined to be 0.01 eV, to ensure that 

there was always some finite rate associated with the process and Eo was obtained via 

interpolating between the values of the ZPE-corrected energy barriers for a hop in pure Fe and 

pure Cr based on examining the 1st nearest neighbor shells for the initial and final states of the 

hop in the alloy. A rejection-free kMC method was employed to time-evolve the system and 

quantify H interstitial diffusion. Periodic boundary conditions (PBCs) were utilized in all 

directions. The hopping rate (Rq) for hop process q was given by harmonic transition state theory 
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[58] as ܴ௤ ൌ ಶ್ೌೝೝ೔೐ೝ,೜ೖಳ೅ି݁ߥ   where ߥ is the attempt frequency calculated using the Vineyard 

approach [59],  Ebarrier,q is the energy barrier for process q (derived from equation 3), kB is the 

Boltzmann constant, and T is the absolute temperature. Furthermore, we attempted to go beyond 

the very simplest version of this model with a chemically-dependent base barrier. The 

interpolation for the base barrier Eo is as follows: 

௢ൌܧ ሻ݁ܨ ܾܿܿ ௢ሺ݅݊ܧ
൅ ൬ ൰݁ݐܽݐݏ ݈݂ܽ݊݅ ݀݊ܽ ݈ܽ݅ݐ݅݊݅ ݎ݋݂ ݈݈݄݁ݏ ݊݊ ݐݏ1 ݊݅ ݏ݉݋ݐܽ ݂݋ ݎܾ݁݉ݑ݊ ݈ܽݐ݋ݐ݁ݐܽݐݏ ݈݂ܽ݊݅ ݀݊ܽ ݈ܽ݅ݐ݅݊݅ ݎ݋݂ ݈݈݄݁ݏ ݊݊ ݐݏ1 ݊݅ ݏ݉݋ݐܽ ݎܥ #  ሻݎܥ ܾܿܿ ௢ሺ݅݊ܧ

At each kMC step, the total sum for all possible processes in the system ܴ௧௢௧ ൌ  ∑ ܴ௡ேିଵ௡ୀ଴  (for N 

total possible processes) is computed, a random number ݑଵ א ሾ0, ܴ௧௢௧ሿ is chosen and then a 

process n is selected such that ∑ ܴ௣௡ିଵ௣ୀ଴ ൏ ଵݑ ൑ ∑ ܴ௣௡௣ୀ଴ . At the end of each pass, the simulation 

time was evolved by ∆ݐ ൌ  ି୪୬ ሺ௨మሻோ೟೚೟  with a second random number 0 ൑ ଶݑ ൑ 1. In our 

simulations, diffusion coefficients were calculated by running each simulation for at least 106 

steps and discarding the first 104 steps (to eliminate any transient behavior). These numbers were 

determined by recording the mean squared displacement for each simulation and using equation 

(4)[60, 61]: 

ܦ  ൌ lim௧՜ஶ ݐ12݀ ுܰ ෍ԡ࢏࢘ሺݐሻ െ ሺ0ሻԡଶேಹ࢏࢘
௜ୀଵ  

(4) 

where t refers to time, d is the dimensionality of the simulation (d = 3 for most cases in this 

work, unless we quantify diffusivity in a given direction), NH refers to the total number of 

hydrogen atoms in the simulation, and ࢏࢘ሺݐሻ expresses the position of atom i at time t. Thus, D is 
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a measure of the H diffusivity in the simulation averaged over the trajectories of the NH atoms 

used in the simulation. 

Results: 

A. Stability of H in Fe-Cr  

We first describe our results on the properties of pure Fe and Cr as a check on the validity of our 

DFT calculations. Through a systematic investigation of the energy of the pure Fe lattice and a 

Birch-Murnaghan equation of state fit [60, 61], the optimal lattice constant a was calculated to be 

(2.83 Å) and the bulk modulus was determined to be 180 GPa. The pressure derivative of the 

bulk modulus was obtained as 8.6 and the local magnetic moment was 2.2 µB/atom, consistent 

with previous first principles results reporting a lattice constant of 2.834 Å, a bulk modulus of 

174 GPa and the same magnetic moment [27]. For bcc Cr, it was determined that the optimal 

lattice constant for the pseudopotential used was 2.84 Å. The corresponding bulk modulus from 

the Birch-Murnaghan equation of state fit was determined to be 260 GPa and the Cr unit cell was 

found to be non-magnetic. These observations are again in accordance with other DFT studies 

[62, 63] which also used a GGA pseudopotential with the Projector Augmented Wave (PAW) 

method and reported a nonmagnetic structure. You et al. [63] reported a lattice constant of 2.84 

Å and a bulk modulus of 258 GPa. Hafner et al.’s study [62] was more nuanced. In that 

calculation, the authors reported a structure with a total magnetic moment of zero, a lattice 

constant of 2.836 Å, and bulk modulus of 261 GPa. The authors of that study however did find 

that the antiferromagnetic arrangement of Cr is slightly more stable but we will later discuss how 

this is expected to have little effect on the H binding energy. 

Next, the hydrogen binding energy was calculated for both octahedral and tetrahedral sites in 

both pure Fe and pure Cr. These calculations were performed according to equation 2 on 
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(3×3×3) supercells to minimize the interactions between the hydrogen atom and its images. This 

supercell was chosen consistent with previous work [27] which showed that the hydrogen 

binding energy negligibly changed by increasing the supercell size beyond that. The results are 

summarized in Table 1: 

Table 1. The binding energy of one hydrogen atom to the tetrahedral and octahedral sites of a 3×3×3 supercell of 
the metal as calculated from DFT. The table shows the uncorrected binding energy, the zero point energy (ZPE) 
attributed to the hydrogen atom in the interstitial site and the ZPE corrected values for the binding energy. The 
reference state of hydrogen in the H2 molecule has a ZPE of 0.134 eV/H. 

 Fe T-site Fe O-site Cr T-site Cr O-site 

Uncorrected Binding Energy (eV) 0.24 0.39 0.63 0.80 

Interstitial Zero-Point Energy (eV) 0.24 0.14 0.27 0.15 

Corrected Binding Energy (eV) 0.35 0.39 0.77 0.96 

 

The results reported in Table 1 show that hydrogen binding is endothermic versus the chosen 

free molecular H2 reference state employed here for all the situations encountered. These values 

are consistent with experimentally measured H solution enthalpies [64, 65]of 0.25 eV, and 0.6 

eV in Fe and Cr respectively. In that study the authors utilized the more stable antiferromagnetic 

arrangement of Cr but this did not significantly affect the binding energy as reported in Table 1. 

From Table 1, it may be concluded that the T-sites are more stable for binding H than the O-sites 

in both Fe and Cr and this observation is again in accordance with previous works [27, 64, 66]. 

Furthermore, the observed difference in H-binding energy between the T-sites and O-sites of 

about 0.15 eV for Fe is in accordance with Jiang and Carter, who report a difference of 0.13 eV 

[27].The zero-point energies reported for the interstitial sites in Fe also agree with the results of 

Hayward and Fu[66]. 
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In determining the energies reported in Table 1, we required the energy of the hydrogen atom 

(half the energy of the hydrogen molecule) and the zero-point contribution to its energy. These 

values were obtained from placing a hydrogen molecule in a 10Å×10Å ×10Å box and allowing it 

to relax. This yielded an H-H bond length of 0.75 Å, consistent with previous studies. The 

internal energy and zero-point energy contribution per H were found as 3.38 eV/H and 0.134 

eV/H, again consistent with previous work [27, 66]. However, it should be noted that these 

values have no bearing on the kMC simulations described later as they define a constant energy 

reference that identically cancels out when comparing the energy of different sites in the bulk. 

The hop frequency was estimated by assuming harmonic potential wells via the Vineyard 

approach [59] to be 3 ൈ 10ଵଷ Hz. This number was calculated by applying the Vineyard 

approach [59]to calculate the hop frequency for H in bcc iron and H in bcc chromium and then 

interpolating between averaging the two numbers (31.9 THz for Cr and 27.4 THz for iron). The 

hop frequency in pure Fe and pure Cr was calculated by displacing the hydrogen atom only for 

calculation of the dynamical matrix by a finite difference approach, which has been shown to be 

accurate to within 25% [67]. Furthermore, the hop frequency was only calculated for the short T-

site to T-site hop and it was not explicitly calculated for the pathway involving the octahedral 

site. The same hop frequency was used for hopping in all directions for all pathways.  

Fitting the cluster expansion model 

Next, the localized cluster expansion described in equation 1 was utilized to fit the DFT database 

generated of uncorrected binding energies of H in various Fe-Cr alloys. The fitting procedure 

weighted the pure iron and pure chromium binding energies more heavily (by a factor of 10) than 

the other structures in the database. (Not weighting the end points resulted in a CE that did not 
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predict H to be most stable in pure Fe.) The fit included 15 parameters in total and the results of 

the fit are summarized below. 

Table 2. The derived effective cluster interactions along with the distances, d, in each figure. In the table, nn. 
refers to nearest neighbor. 

Parameter Value (eV) 

Zero Body J0 0.52 

One Body J11 (1st nn.) (ࢊ ൌ ࢇ √૞૝ ሻ 0.026 

One Body J12 (2nd nn.) (ࢊ ൌ ࢇ √૚૜૝ ሻ 0.058 

One Body J13 (3rd nn.) (ࢊ ൌ ࢇ √૛૚૝ ሻ 0.007 

One Body J14 (4th nn.) (ࢊ ൌ ࢇ √૛ૢ૝ ሻ 0.030 

Two Body J21 (ࢊ૚ ൌ ૛ࢊ ൌ ࢇ √૞૝ , ૜ࢊ ൌ ࢇ √૜૛ ሻ 0.044 

Two Body J22 (ࢊ૚ ൌ ૛ࢊ ൌ ࢇ √૞૝ , ૜ࢊ ൌ  ሻ -0.002ࢇ

Two Body J23 (ࢊ૚ ൌ ࢇ √૞૝ , ૛ࢊ ൌ ࢇ √૚૜૝ , ૜ࢊ ൌ ࢇ √૜૛ ሻ -0.095 

Two Body J24 (ࢊ૚ ൌ ࢇ √૞૝ , ૛ࢊ ൌ ࢇ √૚૜૝ , ૜ࢊ ൌ  ሻ -0.013ࢇ

Two Body J25  (ࢊ૚ ൌ ࢇ √૞૝ , ૛ࢊ ൌ ࢇ √૚૜૝ , ૜ࢊ ൌ  ૛ሻ -0.043√ࢇ

Two Body J26  (ࢊ૚ ൌ ࢇ √૚૜૝ , ૛ࢊ ൌ ࢇ √૚૜૝ , ૜ࢊ ൌ  ሻ 0.036ࢇ

Three Body J31  (connects T-site to 3 1st nn.’s) 0.087 

Three Body J32  (connects T-site to 2 1st nn.’s and 1 2nd nn., largest dist =  ૛ ) 0.009√ࢇ

Three Body J43 (2 1st nn. and 1 2nd nn, largest dist = ࢇ √૜૛   ) 0.004 
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Four Body (connects T-site to 4 1st nn.’s)  -0.009 

 

The resulting CE is reasonably good at predicting DFT-derived binding energies as evidenced by 

the parity plot in Figure 1a, which shows the data points clustered about the y=x line. The root 

mean square error (RMSE) of the fit was 0.032 eV with a leave-one-out cross validation 

(LOOCV) score of 0.028 eV. In addition, the fit was found to be stable by checking that the 

histogram of the parameters recorded during the LOOCV procedure followed a normal 

distribution similar to previous work [68]. Finally, the variation of the binding energy as a 

function of the local environment is displayed in Figure 1b. It is evident that the binding energy 

increases with increasing local Cr content. Furthermore, the cluster expansion predicts the 

variation in the qualitative behavior of the binding energy as a function of the local environment. 

Here a caveat should be mentioned vis a vis alloys in the intermediate composition regime which 

were not directly included in the DFT database (although some of the intermediate compositions 

were captured in the local chemical environment of the hydrogen in a given cell). This is because 

we were more interested in capturing the physically relevant phenomena which occur in the low 

and high Cr concentration regimes. Limited testing of the model revealed that it may reasonably 

predict the binding energies in this regime. However, systematic benchmarking in this regime 

was not performed and therefore, the results of our model with regards to this regime must be 

viewed with caution.   
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Figure 1. The cluster expansion fit to the DFT binding energy data. (a) A parity plot showing the agreement 
between the DFT recorded data and the cluster expansion (CE) model. The data points are clustered about the 
y=x line (b) The variation of the uncorrected binding energy as a function of the local environment up to the 
third nearest neighbor shell inclusive. Both the calculated DFT results (red circles) and the cluster expansion 
results (blue + signs) are shown. 

 

In the kMC model, the contribution of the zero-point energy to the overall binding energy was 

taken into account by interpolating between the T-site zero-point energies for Fe and Cr based on 

the environment of the four 1st nearest neighboring bcc atoms. This methodology was tested for 

two different H atoms at T-sites in the Fe0.8Cr0.2 and Fe0.1Cr0.9 alloys and it was observed that this 

simple interpolation methodology led to fair agreement with the DFT calculation to within 0.013 

eV.  

The energetics in Figure 1b clearly show that the binding energy of H is strongly influenced by 

the metal environment. This is highlighted in Figure 2 where we examine the effect of including 

one Cr atom in a 2×2×2 bcc supercell (containing 1Cr atom and 15 Fe atoms) on the energy of H 

at the various T sites in the cell. Figures 2a-b show that the inclusion of 1 Cr atom (at 6.25 

atomic %) leads to a significant perturbation of the binding energy landscape as predicted by the 
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cluster expansion. Moreover, Figure 2a clearly illustrates the long-range effects of this 

perturbation, which appears to affect a significant portion of the supercell. That is, the addition of 

Cr not only impacts the energetics of H in the nearest neighbor sites, but also those further away. 

This has implications for how H migrates in the alloy. 

 

Figure 2. (a) A map of the CE-model predicted zero-point energy-corrected binding energy landscape of the 
system for a 2×2×2 supercell containing one Cr atom (0.0625 at%). The location of the Cr atom is shown with a 
red (+) sign and periodic boundary conditions are utilized. (b) A histogram of the energy landscape for the given 
situation showing the number of T binding sites within the cell calculated to have an H binding energy within a 
given range.  

As a further illustration of the effects of including Cr atoms in bcc Fe supercells on the binding 

energy landscape, we plotted a series of energy landscape histograms as a function of the Cr 

content. The results are illustrated in Figure 3. In this case, we opted for large (50x50x50) 

supercells for better statistics. Clearly, as the concentration of Cr is initially increased, the 

landscape for H becomes much more heterogeneous. As the Cr concentration reaches very high 

levels, the H landscape becomes more homogeneous again. 
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Figure 3. Semi-log plots of histograms of the binding energy landscape for a 50×50×50 bcc supercell with 
differing Cr content. The Cr atoms were randomly distributed in each case (a) 10 atomic% Cr (b) 20 atomic % Cr 
(c) 50 atomic% Cr (d) 90 atomic % Cr.  

It should be mentioned however that in all cases represented in Figures 3a-3d, we observe T-sites 

with ZPE-corrected energy levels larger than that predicted for pure Cr (0.77 eV). This is 

believed to be an artifact of our cluster expansion model.  

B. A model for the saddle energies 

With the site energies reasonably well described by the CE, the final ingredient to perform the 

kMC simulations of transport is the saddle point energetics. The saddle point energies for the T-

T and T-O-T pathways both in pure Fe and pure Cr were determined using CI-NEB. The energy 

barriers for the T-T and T-O-T pathways in Fe were determined to be 0.0449 eV and 0.0447 eV 

respectively. Similarly, in Cr the T-T and T-O-T pathway barriers were found to be 0.0623 eV 
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and 0.047 eV respectively. All the energy barrier values reported here include zero-point energy 

corrections for the ground T/O and activated transition states. The values reported for Fe are in 

good agreement with ZPE-corrected barriers reported in the literature. Jiang and Carter reported 

a barrier of 0.042 eV [27] while Hayward et al. reported a T-T barrier of 0.044 eV and a T-O-T 

pathway barrier of 0.035 eV for bcc Fe [66]. In order to address the barriers in the alloy, we 

utilized the model described by equation 2. The model includes two contributions: one that 

describes the energy difference between the final and initial state and another that describes a 

base barrier (Eo). This base barrier was actually computed by interpolating the base barriers for 

the pure Fe and pure Cr cases based on the nearest neighbor compositions of the initial and final 

states. This model was utilized in order to reduce the computational effort it would entail to build 

a DFT-derived database of saddle point energies. G 

In order to test the validity of the proposed model, we tested four different cases where T-T and 

T-O-T pathway barriers were computed directly from DFT for different Cr environments. Our 

model led to errors less than 0.02 eV in the barriers for all cases when compared with the DFT . 

Therefore, while we recognize that this model is not exact, we believe it should be able to 

capture the dominant features of hydrogen diffusion in the Fe-Cr alloys.  

D. Results from kMC simulations: homogeneous alloys  

The model of equation (2) was utilized along with the cluster expansion to examine H diffusion 

in the Fe-Cr alloy as a function of composition and temperature. We examined two scenarios, 

one in which the Cr is randomly and homogeneously distributed and another in which the 

distribution is heterogeneous, mimicking the situation that might occur during radiation-induced 

segregation (RIS) [42, 52, 53]. The results for the homogeneous distributions are shown in 

Figure 4. For each concentration/temperature combination, we constructed three different 
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random representations of the alloy and then performed kMC simulations. All simulations were 

performed using 20×20×20 supercells of the alloy with 40 H atoms diffusing (0.25 atomic%) by 

averaging the mean square displacements of the 40 atoms per equation 4. Our cluster expansion 

model was mainly built from DFT databases in the low and high range of Cr content. However, 

the model has the ability to interpolate to intermediate compositions and we use it to examine the 

behavior of H diffusion in the full composition range. While the intermediate regime is not 

physical, as Fe and Cr are immiscible in this composition range, this still provides a useful 

reference for how H diffuses in alloys more generally.  

From examining Figure 4 we observe that the diffusivity at all concentrations increases with 

temperature as expected. It is further observed that the diffusivity of H generally decreases with 

the addition of Cr and appears to be lowest around 50-70 atomic% of Cr content for all 

temperatures. This behavior may be explained on the basis of Figure 1. Hydrogen binding is 

more favorable in the Fe rich regions than it is in Cr rich regions. Thus, at high Cr 

concentrations, the hydrogen may be trapped in islands of Fe until it can overcome the energy 

barrier required to escape from these islands. It would then diffuse relatively quickly in the Cr 

rich regions until becoming trapped again in an Fe island. As the Cr concentration reaches a 

critical limit, it then begins to significantly influence the energy landscape of the now smaller 

iron islands and raise their energy (as illustrated in Figures 2a-b). This in turn makes it more 

likely for the hydrogen to overcome the energy barriers (the traps represented by the Fe islands 

are not as deep) and as a result we see that the diffusivity begins to increase again until it reaches 

its value in pure Cr. This conclusion may justify one key assumption made in a recent DFT work 

examining H diffusion in FeCr alloys where the authors considered the Cr-sites in the alloy to 

constitute “exclusion zones” [25]. Our results qualitatively agree with the study of Bruzzoni et 
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al.[25] who reported a drop of about 10% in the hydrogen diffusivity when Cr was introduced at 

a concentration of 6.25% (here we observed roughly a 10% drop in the diffusivity of H at 5% Cr 

at 300K compared with pure iron). In that study, the authors did not consider the T-O-T pathway 

and performed the simulation on a small supercell (16 atoms) which may have led to some finite 

size effects. Further, the authors’ structures represent an ordered and periodic array of Cr in Fe. 

Nevertheless, it is encouraging to observe similar trends with the present model. In that study, 

the authors could only probe very dilute, fixed Cr concentrations. The advantage of our 

methodology is that it allows us to explore a wide range of phenomena over a large range of Cr 

concentrations. Finally, we expect that the general behavior represented in Figure 4 would be 

generic to many binary alloys depending on which metal the H more strongly binds to. 

 

 

Figure 4. Diffusivity as a function of temperature and the chromium content in the random Fe-Cr alloy. The 
markers indicate the data points obtained in this study and the lines are used to help guide the eyes. Error bars 
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representing the uncertainty were also included from analyzing repeated simulations with different 
configurations..    

 

The diffusivity results from Figure 4 were analyzed by plotting (1/T) vs. (ln(D)) for all three 

temperatures at each composition and then fitting a line in order to derive a general Arrhenius 

expression of the form ܦ ൌ ௢݁ିܦ  ಶೌೖಳ೅ where Ea denotes the effective activation energy. The 

results are contained in Table 3. 

Table 3. The results of Arrhenius fits of the recovered diffusivity data at three temperatures (T = 300K, 500K, 
1000K)  

% Cr content 0% 10% 20% 50% 70% 90% 100% 
Activation 

Energy (eV) 
0.046 0.058 0.09 0.26 0.19 0.13 0.056 

Do (m2/s) 4×10-7 3.3×10-7 4.3×10-7 36.3×10-7 18.4×10-7 9×10-7 3.7×10-7 
 

From examining Table 3, we find that the activation energy for Fe (0%) is about the same as the 

reported barriers for T-T and T-O-T pathways (0.0446eV and 0.0449 eV), as should be expected. 

The same is true for the case of Cr (100%), where Ea is between the values for the two barriers 

(0.046 eV and 0.062 eV). We further notice that the activation energy increases monotonically 

from 0% to 50% Cr content before it decreases monotonically with increasing Cr content. This is 

due to the isolated Fe islands where the trapping of hydrogen may occur. This result is consistent 

with the experimental observations of Penalva et al.[69] who studied hydrogen transport in pure 

Fe, Fe5%Cr and Fe10%Cr for temperatures ranging from 423 K to 823 K and observed an 

increase in the activation energies derived from Arrhenius fits with increasing the Cr content.  

E. Results from kMC simulations: heterogeneous Cr distributions  
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Finally, we investigated the effects of inhomogeneities in the material composition. This scenario 

may be of interest for applications involving radiation damage where areas of high Cr 

concentration (α� precipitates) are known to form as well as other applications for composites. 

Further, RIS can lead to Cr-enriched interfaces (at least at temperatures below 700 C)[39-41] 

that, to first order, may be viewed as Cr rich slabs embedded in an Fe matrix. Finally, this 

scenario is representative of any alloy in which there is significant segregation of a solute to 

internal interfaces. The investigation was accomplished by utilizing 20×20×20 simulation cells 

with layers of alternating composition along the z-direction, as illustrated in Figure 5. The 

simulations were performed at a high temperature (T = 1000K) in order to obtain reasonable 

statistics for calculating the diffusivity in the z-direction.  
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Figure 5. Illustration of the cell used for exploring the effects of inhomogeneities. In our investigation, we 
selected blocks of size λ along the z-direction. λ was expressed as integers of the unit cell and we examined the 

following cases: λ=1a, 2a, 5a, and 10a. For each of these cases we investigated two situations: one in which the 
alternating layers had compositions of 0% Cr and 100% Cr for an overall composition of 50 atomic% Cr; and 
another in which the alternating layers had compositions of 0% Cr and 40% Cr for a total composition of 20 

atomic %Cr. 

Two cases were considered in this work. In each case, the thickness of the layer along the z-

direction (denoted by λ and measured in units of the lattice constant a) was varied and the 

diffusivities parallel and perpendicular to the z-direction were recorded. In case (a), the 

alternating layers had compositions of 100% Cr and 0% Cr for an overall average concentration 

of 50% Cr. In case (b), the alternating layers had the compositions of 40% Cr and 0% Cr for an 

average concentration of 20% Cr. Scenario (a) is representative of a condition in which 
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Radiation-Induced Segregation (RIS) occurs at interfaces and thus forms a potentially alpha-

prime phase at those boundaries. In reality [4-6], the alpha-prime phase may not cover the entire 

interface but would form 3D precipitates. Further, segregation can occur to different extents in 

the real material. Thus, scenario (b) represents an intermediate scenario in which not enough Cr 

has segregated to precipitate alpha prime. 

The simulations were carried out by again tracking 40 H atoms (with the site blocking model) 

and averaging their trajectories over 4×107 steps. The measured diffusivities are shown in Figure 

6. 

 
Figure 6. The effects of heterogeneous alloy composition on calculated diffusivity. In each simulation the 
simulation box was composed of (a) alternating layers in the z-direction containing 100% Cr and 0% Cr for an 
average of 50% Cr composition and (b) alternating layers of 40%Cr and 0%Cr for an average composition of 
20% Cr. In each simulation, the thickness of the layer was denoted by λ (in units of the lattice constant). All 
simulations were performed in a 20×20×20 box. The diffusivity perpendicular to the direction of alternating 
layers (Dz) is shown with red solid lines, the diffusivity parallel to the direction of the layering (Dxy) is shown with 
green dotted lines, and the total diffusivity is shown with blue broken lines. The dashed black lines represent the 
diffusivity in pure iron and has been included for reference. The dotted yellow lines represent the diffusivity in 
the random alloy corresponding to the overall composition of the given simulation and has also been included for 
reference.  The error bars have been included for the collected data points and the lines between the data points 
were added to guide the eye. 
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Upon inspection of Figure 6a and 6b, it appears the total diffusivity in both cases is similar to the 

expected value in the random alloy. Moreover, the changes in the total diffusivity and the 

diffusivity in the xy plane are small compared with the changes in the z-direction, regardless of 

composition. The diffusivity in the direction perpendicular to the layers (Dz) decreases with 

increasing layer thickness (λ) in both cases. As might be expected, the drop in diffusivity along z 

is greater for case (a), in which the Cr layers are pure Cr, as pure Cr acts as a larger barrier to H 

transport. More interestingly, we see that Dz is very sensitive to λ, especially for small λ. 

Further, the λ dependence is more gradual for case (b) than for case (a). Both of these effects are 

examined in more detail in what follows. 

 

Figure 7. The ZPE-corrected hydrogen binding energy landscape of the structures being investigated by 
introducing inhomogeneities averaged for all T-site positions in the same xy-plane. The figure outlines the 

variation in the average binding energy landscape along the z-direction.   

In order to gain better insight into the increase in Dz for small λ, we plotted the averaged ZPE-

corrected binding energies as a function of z for all cases under scrutiny and the results are 

shown in Figure 7. From examining Figures 7 a and b, we find that for case (a) the binding 

energy landscape exhibits relatively large variations ranging from 0.35 to 0.85 eV compared with 
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the variations observed for case (b) ranging from 0.35 to 0.60 eV for the most extreme scenarios. 

As noted above, this is the reason that Dz is overall lower for case (a) than for case (b). Further, 

for both cases (a) and (b) we find that, for λ=1a, the energy wells are relatively shallow 

compared with the other cases and therefore the energy barriers are not as large. Hence, a drop in 

the diffusivity in the z-direction going from λ=a to λ=2a is expected and indeed observed in both 

cases. This is in fact the most pronounced effect observed for both cases and it is the case where 

the largest drop in Dz is observed. In addition, the observations are congruent with our 

understanding of the energy landscape from Figure 2 where it was shown that substituting one Cr 

atom for an Fe atom in a 16-atom supercell significantly affected the landscape and raised the 

energy levels of the T-sites within several nearest neighbor shells about the Cr atom. Therefore, 

by increasing the Fe layer thickness beyond a critical point where the Cr atoms do not raise the 

energy levels of all the T-sites within the Fe layer, an environment of pure iron is encountered by 

the H atoms with a deeper energy well to escape from compared with the λ=1a case.  

Second, case (b), in which the Cr layers are not pure Cr, shows a more gradual dependence on λ 

than case (a). That is, in case (a), the pure Cr layers acts as a more consistent barrier to hydrogen 

transport, regardless of thickness, than case (b). This is a consequence of the detailed energy 

landscape within the Cr layers, as illustrated in Figure 8. For the case with pure Cr layers (Figure 

8a), the hydrogen energy landscape is uniform and this would be true regardless of layer 

thickness. However, for case (b), in which the Cr layers only contain 40% Cr content, the 

distributions are random within the Cr layers and there are potential low energy pathways that 

span the Cr layer, allowing hydrogen to migrate through the Cr layer. Further, the probability of 

such pathways is decreased as λ is increased, as can be seen by comparing Figure 8b and 8c. 
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Thus, in the case of a Cr layer with a random distribution of Fe, the ability of hydrogen to easily 

diffuse through the layer depends on the layer thickness.  

 

Figure 8. Map of the energy of tetrahedral sites within multilayer configurations with (a) layers of 0% and 100% 
Cr and λ=5a, (b) layers of 0% and 40% Cr and λ=5a, and (c) layers of 0% and 40% Cr and λ=5a. Only sites with 
energies within 0.05 eV of the lowest energy site (about 0.35 eV) are shown. The dark blue layers are indicative of 

the pure Fe layers.   

 

It is useful to consider the behavior of the diffusivity in the infinite λ limit. If ߣ ՜ ∞ but time is 

finite, hydrogen would most likely only be able to sample the Fe region of the material. Thus, we 

would expect that, on experimental time scales, unless the experiment was directly measuring 

across the Cr profile, the diffusivity of hydrogen would approach that in pure Fe. In this case, as 

λ increases, we would expect Dz to eventually rise and converge with Dx and Dy. However, if 

one could sample over an infinite time, then the Cr layers would reassert themselves on the 

diffusivity and the diffusivity would approach that of multilayer system. In this case, Dz would 

always be less than Dx and Dy. Thus, the nature of the experiment would dictate what behavior is 

sampled and the consequence on the measured diffusivity.  

Given that the hopping barriers for hydrogen in iron and chromium are relatively small and very 

similar, the binding energies of hydrogen in the different metals play the dominant role in 

binding energy (eV
)

0.40

0.35

(a) (b) (c)
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dictating and predicting transport in alloys. To observe the effects of segregation more clearly, 

we considered a different scenario. Here we examined two supercells that mimic a three-

dimensional grain with solute segregation to the “grain boundaries,” or edges of the cell. In the 

first, the interior of the supercell was composed entirely of iron and the boundaries of chromium. 

In the second case, we considered the interior of the cell to be composed entirely of Cr and the 

boundaries of Fe. The simulation cell concept is illustrated in Figure 9. These scenarios were 

introduced in an attempt to mimic real-life situations which lead to segregation such as radiation 

damage, which causes the chromium to segregate to or away from the boundaries. 

 

Figure 9. An illustration of the supercell considered for studying inhomogeneities which mimics the situation of 
a grain and a grain boundary. Structure (a) shows the entire supercell. Structure (b) illustrates the element that 

occupies the grain boundary and structure (c) illustrates the element occupying the grain (the inside of the 
supercell). We considered two cases in our study: Case 1: The grain is composed of Fe and the grain boundary of 

Cr. Case 2: The grain is composed of Cr and the grain boundary of Fe. 

As opposed to the geometries in Figure 5, in these situations, transport in all three directions is 

confined by a zone of another element that the hydrogen atoms must overcome. The hydrogen is 

more stable in iron (a smaller binding energy) and, therefore, when iron occupies the boundaries 

of the cell, it is expected that the hydrogen stays in the iron and has a high diffusivity compared 

with the case where chromium occupies the boundaries of the cell. Essentially, when iron 

occupies the boundaries of the cell (the grain boundary), the connected iron grain boundaries 
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(GBs) provide a fast pathway for diffusion for the hydrogen, whereas for the case where the 

chromium occupies the boundaries of the cell, the hydrogen becomes trapped in the iron inside 

the cell and the diffusivity is expected to be smaller. Indeed, by performing two simulations for 

the cases of Fe in the grain vs. Fe in the grain boundary (using 40 hydrogen atoms, at 500 K, in 

20x20x20 supercells where 27% of the atoms were boundary atoms) we calculated diffusivities 

(per H atom) of 3.5×10-10 m2/s and 9.5×10-8 m2/s, respectively, a factor of nearly 300.  

Discussion: 

A key observation of our simulations is that, as solutes segregate within a matrix, they can either 

impede or enhance hydrogen transport. In the case of Fe-Cr alloys, this is driven by the relative 

binding energy of hydrogen in Fe versus Cr. Based on this observation, we can extrapolate the 

results to other alloys using the binding energies for hydrogen as a qualitative indicator of 

hydrogen transport. For example, Pd is expected to segregate to grain boundaries in matrices of 

Cr and Cu [70] while Cr may segregate to the boundaries of a Pd matrix.  Furthermore, based on 

ab initio calculated binding energies [63, 64] which show hydrogen to be more stable in Pd than 

in Cu or Cr then it may be expected that the diffusivity of hydrogen for cases where Pd is in the 

grain and Cr is in the grain boundary is slow compared with the case where Pd segregates to the 

grain boundary of a Cr matrix. Through similar arguments one can construct a chart of solutes 

versus solvents in which hydrogen transport may be enhanced or retarded compared to a 

homogeneous solid solution, as shown in Figure 10. The construction of this chart is based on 

that in Ref. [70], modulo the hydrogen binding energy of Refs. [63, 64]. That is, we consider 

hydrogen transport to be enhanced for cases in which hydrogen prefers to bind (by more than 0.1 

eV) to the element that is in the grain boundaries (the solute for cases of segregation, the solvent 

for cases of desegregation, as indicated in Ref. [70]). The degree of enhancement or retardation, 
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as indicated in Figure 10, is a reflection of the strength of segregation or desegregation as 

reported in Ref. [70]. This analysis assumes that, as we have seen for Fe-Cr, the diffusivity is 

dominated by binding energies and not differences in base mobility in each metal. Even so, it 

provides an initial basis for screening for alloy systems in which hydrogen transport can be 

modified by solute segregation. 

 

Figure 10.Chart highlighting solute/solvent combinations that are expected to enhance (green) or retard (red) 
hydrogen transport as compared to a solid solution alloy. The shade of the color indicates the expected 
modification of transport as based on solute segregation energies report in Ref. [70]. Those segregation energies 
are modulated by predicted binding energies (from Refs. [63, 64]) to the different component metals. If H prefers 
to go to the metal that is enriched at the GB, transport would be fast. Otherwise, it would be slow. 

 

Another implication of our results connects to the evolution of chemistry due to radiation-

induced segregation. As Fe-Cr alloys are irradiated, the Cr redistributes in the material and can 

either segregate or desegregate to boundaries, depending on temperature [39-41]. At the 

temperatures of operation (below 700 C), Cr will segregate to boundaries as the fluence 

increases. Thus, as the material is irradiated, what might have started out as a relatively 

homogeneous alloy will become more and more heterogeneous, with more and more Cr at the 

grain boundaries. As schematically illustrated in Figure 11, this suggests that, as the material 
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experiences a larger radiation dose, hydrogen transport into the material will be impeded, and 

fewer hydrogen-like species (H, D, and T) will leak out into the coolant. Thus, while tritium 

leakage might be a concern for the fresh alloy [39], as radiation progresses, the issue might be 

mitigated to some degree. This is independent of any effects of radiation-induced defects, such as 

hydrogen trapping by high concentrations of radiation-induced vacancies.  

 

Figure 11. Schematic of how hydrogen transport through an Fe-Cr based alloy might be modified as the clad is 
irradiated. Burning the fuel produces hydrogen. Initially, when the Fe-Cr alloy is more chemically homogeneous 
(randomly distributed), hydrogen has the highest rate of transport through the alloy. As radiation progresses and 
radiation-induced segregation of Cr to grain boundaries increases, the transport of hydrogen through the clad 
will be reduced and the leakage through the clad into the coolant will be likewise reduced.  

Finally, it is important to consider the limitations of the current study. In the present work we 

were primarily limited by the errors introduced by the cluster expansion representation of the 

energy and by the interpolation used to determine the zero-point energy corrections and the 

saddle point energies. However, while the detailed behavior of hydrogen in these alloys might 

not be entirely faithful to the underlying DFT data, we expect that basic trends are well 

reproduced by our model. In addition, the binary alloys in the study were prepared by randomly 

choosing the iron and chromium atoms thereby completely neglecting the role of short range 
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order which may be present in real binary alloys. Furthermore, vacancies and other point defects, 

which are known to play an important role in trapping and transport of hydrogen under certain 

conditions [71, 72], were not considered here. The effects of internal strain and actual 

microstructure were also ignored. In addition, the kinetically resolved activation barrier model, while 

useful, may fail in some cases. While this issue is beyond the scope of the manuscript, it presents 

another limitation on our work. 

It has also been demonstrated that the migration energies of defects do depend on the magnetic 

disordering due to finite temperatures[73]. Considerations regarding the magnetic structure are 

beyond the scope of our work and this issue represents another limitation. However, we attempt 

to discuss the consequences of antiferromagnetic ordering. First of all, it is important to keep in 

mind that the effects arising from the antiferromagnetic ordering will be confined only to the Cr 

rich compositions and this issue is not relevant for other compositions at lower Cr content. 

Secondly, and assuming all Cr-rich structures have a similar lowering of binding energy, then the 

diffusivity in the Cr-rich homogeneous alloys would remain similar to what we reported, as the 

potential energy landscape would simply shift by a constant value. In heterogeneous structures, 

Cr would have a weaker trapping effect on H transport than in our model and our results would 

underestimate the diffusivity in the perpendicular directions in the layered structures examined in 

Fig. 6. Finally, while this effect would impact the absolute numbers we report, it would not 

significantly affect the general trends nor our conclusions. Finally, our representation of 

interfaces neglects the actual structure of grain boundaries, which can also impact transport [74-

76]. Nevertheless, we do not expect these effects to detract from the general conclusions of this 

study. 

Conclusions: 
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In this work, DFT calculations of hydrogen binding in Fe-Cr alloys were coarse-grained through 

the use of a localized cluster expansion description of the potential function. In addition, energy 

barriers for hydrogen hopping were estimated by examining the local environments of the initial 

and final states. This description was shown to yield a reasonable agreement with the DFT 

results and was subsequently utilized in a kinetic Monte Carlo simulation. The results explored 

the behavior of hydrogen in the Fe-Cr alloys as a function of the Cr content and local chemical 

variations. For homogeneous random alloys, the hydrogen diffusivity was shown to decrease and 

then increase with increasing Cr content with the lowest levels of diffusivity observed around 

50% Cr for all temperatures. This may be explained by the trapping of hydrogen in Fe rich areas 

as the Cr content increases. The effects of nanoscale heterogeneity were investigated by using 

slabs of alternating compositions and by increasing the thickness of these slabs. It was observed 

that the diffusivity in the perpendicular direction (relative to the direction of the alternating 

layers) could be significantly affected and was shown to decrease with increasing layer 

thickness. This behavior was rationalized by examining the energy landscape of hydrogen in the 

different structures. The results of this study allow us to generalize how hydrogen might diffuse 

in various solute/solvent combinations, providing some guidance on alloy systems in which 

hydrogen transport might be enhanced or impeded. Finally, our results also provide some insight 

into how hydrogen transport might change in the evolving microstructure of an irradiated Fe-Cr 

clad.  
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